Neonatal necrotizing enterocolitis (NEC) is a major cause of morbidity in preterm infants. We hypothesize that the intestinal injury in this disease is a consequence of synergy among three of the major risk factors for NEC: prematurity, enteral feeding, and bacterial colonization. Together these factors result in an exaggerated inflammatory response, leading to ischemic bowel necrosis. Human milk may decrease the incidence of NEC by decreasing pathogenic bacterial colonization, promoting growth of nonpathogenic flora, promoting maturation of the intestinal barrier, and ameliorating the proinflammatory response. 
intestinal colonization. Before birth, the infant gut is sterile. Thereafter, it acquires bacteria from the environment. The intestine is initially colonized with a complex flora that reflects maternal vaginal and large intestinal flora (3, 4) . The preterm infant is next exposed to bacteria in the NICU, with colonization frequently affected by the use of broad-spectrum antibiotics (5) (6) (7) . Although a range of aerobic and anaerobic flora colonizes normal infants by 10 days of age, infants in the NICU undergo a delayed colonization with a limited number of bacterial species, which tend to be virulent (2, 8) .
Feeding is another variable in the acquisition of intestinal flora. In breast-fed infants, bifidobacterium is a primary organism, with lactobacillus and streptococcus as minor components. In formula-fed infants, similar amounts of bacteroides and bifidobacterium are found with minor components of the more pathogenic species staphylococcus, Escherichia coli, and clostridia (3) . Since binding of pathogenic organisms can be influenced by the underlying microbial ecology through competition for binding sites or nutrients, production of inhibiting agents, alteration in pH, and synthesis of growth factors, promotion of the growth of competitive nonpathogenic strains of bacteria may protect the infant (8 -10) .
RESPONSE OF THE INTESTINE TO BACTERIAL COLONIZATION
Microbial pathogens have complex interactions with their host cells, resulting in a variety of responses that can lead to injury. Signal transduction leading to nuclear factor B (NF-B) activation is a key element in the intestinal epithelial cell innate immune response (11) . In its inactive state, NF-B is bound to the inhibitory protein IB. Once IB is phosphorylated, it can be degraded by ubiquitination, freeing NF-B to translocate to the nucleus and stimulate transcription of inflammatory mediators (12) . In cultured intestinal epithelial cells, it has been shown that Salmonella typhimurium activates signal transduction pathways leading to activation of NF-B (11, 13, 14) . Other pathogens, including E. coli, Yersinia, Shigella, and Listeria, trigger signal transduction pathways that degrade IB, freeing NF-B to translocate to the nucleus and up-regulate expression of proinflammatory mediators. In contrast, not only can colonization with commensal organisms competitively reduce colonization by these pathological organisms, it may also have anti-inflammatory properties. A recent study by Madara et al. has shown that nonpathogenic Salmonella prevents degradation of IB, limiting further transcription of inflammatory mediators (12) .
IMMATURE GASTROINTESTINAL IMMUNE SYSTEM OF THE PREMATURE INFANT
Ninety percent of infants with NEC are born preterm, and it appears that an immature gastrointestinal immune defense system places a preterm infant at higher risk for NEC. The premature infant has lower gastric acid production and lower levels of protective mucus (5) . These infants have also been noted to have lower proteolytic enzyme activity, leading to incomplete breakdown of toxins (5) . Decreased motility, lower levels of B and T lymphocytes, and lower levels of secretory IgA also increase bacterial adherence to the intestinal mucosa and susceptibility to infection (1, 5, 15) . Coupled with increased intestinal mucosal permeability, this potentially leads to the delivery of whole bacteria and endotoxin to the bloodstream (1).
FEEDING AND INTESTINAL IMMATURITY
Ninety-five percent of affected infants have been enterally fed, and NEC has never been identified in utero (16) . The fetal gut is exposed to amniotic fluid containing hormones and peptides that may have a role in intestinal maturation and preparation for postnatal feeding. The preterm infant may not have completed this maturation process when initially fed. Preterm infants are unable to fully digest carbohydrates and proteins, leading to the production of organic acids, which may be harmful to the developing intestine (17) . Undigested casein, the protein in formula, can function as a chemoattractant for neutrophils (18) .
Several studies have shown that formula-fed infants have a higher incidence of NEC than breast-fed infants (19) . A prospective multicenter study of 926 preterm infants found a 6-to 10-fold increase in the incidence of NEC in formula-fed infants compared with breast milkfed infants (16) . Breast milk contains factors that enhance intestinal maturation. In addition, human milk provides passive immunity factors such as polymeric IgA (pIgA) and macrophages that may bind antigens, bacteria, or endotoxin and decrease mucosal translocation. It also contains nonspecific antimicrobial factors such as lactoferrin and lysozyme. Together, these features may partially explain this difference in protection of the newborn infant.
THE ROLE OF BACTERIA AND INFLAMMATION IN NEC
Bacteria have long been suspected of having a role in NEC; however, only 30% of NEC patients have positive blood cultures (6) . Epidemics of NEC have occurred, but NEC usually occurs sporadically and has not been associated with a particular pathogen (9) . Rather than a direct infection, this disease process may be a result of secondary inflammatory responses to the organisms (15) .
Histopathologic sections of intestine from infants with NEC reveal a wide variation. Most show evidence of necrosis and inflammation in addition to bacterial overgrowth (1, 20, 18) . The cycle of intestinal injury begins with neutrophil migration, which can mechanically disrupt tight junctions between intestinal epithelial cells, increasing transepithelial permeability (21) . Neutrophil activation can lead to inflammatory mediator release resulting in vasoconstriction, ischemia/ reperfusion injury, oxygen free radical release, and further disruption of tight junctions and the intestinal barrier (22) .
Ultimately there is exacerbation of an inflammatory cascade with increased tissue and serum levels of inflammatory mediators such as tumor necrosis factor (TNF), interleukin 1 (IL-1), IL-6, IL-8, and plateletactivating factor (PAF) (23, 24) . It has been shown that PAF levels are elevated in infants with NEC (23) . In rats, exogenous PAF given intravenously results in ischemic bowel necrosis (25) . Furthermore, studies using a rat model of NEC showed that PAF receptor blockade reduced the incidence of NEC (26 -29) . Many stimuli that have been associated with NEC can increase PAF production including hypoxia, enteral feeding (30), acidosis, TNF, and endotoxin. Once activated, PAF initiates production of other inflammatory mediators (31) . This process is exacerbated in preterm infants by the fact that acetylhydrolase, the enzyme responsible for PAF degradation, is present in decreased amounts in infants. Acetylhydrolase has also specifically been shown to be decreased in infants with NEC ( Fig. 1;  32, 33 ).
INCREASED SUSCEPTIBILITY OF THE IMMATURE ENTEROCYTE TO BACTERIAL COLONIZATION
Our laboratory has studied the interaction between the enterocyte and bacteria and shown that many aspects are developmentally regulated. Cell surface glycoconjugates serve as adhesion sites for a variety of microbes. Creation of specific carbohydrate receptors through glycosylation is a developmentally regulated process that is important in intestinal colonization and defense.
Our laboratory has found that newborn intestinal microvillous preparations have increased sialic acid and N-acetylglucosamine residues whereas adult preparations have increased mannose, glucose, and fucose. When glycosyltransferase activity was examined in mice, a correlating increase in ␣ 2,6-sialyltransferase activity was noted in the newborn period, declining at the time of weaning. In contrast, ␣ 1,2/1,3 fucosyltransferase activity was at low levels in the newborn period and increased at weaning (34, 35) . These observations have also recently been demonstrated in our laboratory in the human fetus (D. Dai, unpublished data). These differences may be responsible for increased pathogenic colonization in preterm infants. We have shown that pathogenic organisms adhere and translocate across the intestine to a greater extent in immature vs. mature animals.
EXAGGERATED RESPONSE OF THE IMMATURE ENTEROCYTE TO GRAM-NEGATIVE ORGANISMS
As previously discussed, formula-fed infants are more likely to be colonized with gram-negative organisms such as E. coli and Klebsiella than are breast-fed infants (3). Our laboratory has shown that the enterocyte response to gram-negative organisms is exaggerated in fetal cells. IL-8 secretion and mRNA in response to LPS and IL-1␤ were significantly increased in H4 cells (human fetal intestinal cell line) and fetal organ cultures as compared with Caco2 (adult intestinal cell line) or older infant organ culture preparations (Fig.  2) . Immunohistochemical staining showed that the IL-8 was secreted by the enterocyte, not by lymphoid cells. IL-8 is a chemokine that stimulates migration of neutrophils from intravascular to interstitial sites, which can further exacerbate the inflammatory process. This excessive proinflammatory response may explain why primarily preterm infants develop NEC (36) .
INCOMPLETE METABOLISM OF FOOD SUBSTRATE AND INTESTINAL INJURY
The carbohydrate in milk is lactose, which can be fermented to short-chain fatty acids, hydrogen, lactate, and CO 2 when incompletely metabolized (37) . As mentioned, preterm infants often cannot completely metabolize carbohydrates and proteins. Formula-fed infants produce butyrate in the small intestine and breast-fed infants produce lactic acid. High concentrations of short-chain fatty acids may have a toxic effect on the small intestine. They have been shown to lower the pH of the small intestine, causing mucosal breakdown and increasing susceptibility to bacterial translocation (18) . Furthermore, we have shown that priming with the short-chain fatty acid butyrate can increase IL-8 secretion from enterocytes in response to LPS or IL1-␤ (38) .
ROLE OF BREAST MILK IN PREVENTION OF NEC
Lucas and Cole showed in their prospective study a decline in the incidence of NEC with advancing gesta- Figure 1 . Plasma PAF levels (open bars), plasma TNF levels (horizontally hatched bars), and plasma acetylhydrolase activity (vertically hatched bars) in NEC patients and control subjects. Plasma PAF and TNF levels were higher in NEC patients than in control patients. Plasma acetylhydrolase activity was lower in NEC patients than in age-matched control subjects. Reproduced with permission from Caplan and Hsueh (33) Figure 2 . Depiction of IL-8 secretion (A) and IL-8 mRNA induction (B) in fetal and infant organ culture preparations in response to LPS (50 g/ml) or media alone as control. Reproduced with permission from Nanthakumar et al. (36) tional age in breast milk-fed but not in formula-fed infants. This suggests that maturity of the intestinal mucosal barrier improved by advancing gestational age and breast milk is important (16) . Furthermore, data support the notion that by modulating intestinal colonization and supporting inherent host gastrointestinal defense, breast milk may decrease the incidence of NEC.
Breast milk interferes with adherence of pathogenic bacteria by providing pIgA and oligosaccharides. Polymeric IgA is produced by the immune system of the mother specifically against enteric pathogens to which she has been exposed. Oligosaccharides function as receptor analog decoys, binding bacteria before they can adhere to glycoconjugates on the microvillous membrane (39) . To promote colonization with nonpathogenic bacteria, breast milk contains growth factors for bifidobacterium (40) .
Breast milk also provides hormones, growth factors, and nucleotides that facilitate the maturation of the intestinal mucosal barrier. This may decrease bacterial translocation across the intestine. Cortisol, growth hormone, insulin-like growth factor, erythropoietin, and thyroid hormone have all been identified in breast milk. Epidermal growth factor (EGF) is found in highest quantity in colostrum from mothers of preterm infants and is a growth stimulator of epithelial cells. Transforming growth factor (TGF) is found in breast milk and has an immunomodulatory role in addition to inducing differentiation of intestinal epithelial cells (41) . Breast milk also provides glutamine and nucleotides that affect cell growth (42) .
To ameliorate the proinflammatory response, breast milk contains an IL-1 receptor antagonist, TGF-␤, and IL-10. Breast milk also contains acetylhydrolase, which metabolizes PAF to inactive lyso-PAF. It has been shown that acetylhydrolase activity is higher in preterm than term human milk (43) . Furthermore, breast milk may be beneficial by providing antioxidant factors such as vitamin E, beta carotene, and ascorbic acid (2, 44) .
OTHER APPROACHES
For infants for whom breast milk is not available, we speculate that it may be prudent to mimic properties of breast milk. Several studies have shown that prenatal steroids reduce morbidity from NEC (45, 46) . In animal studies, pups from pregnant rats injected with dexamethasone had more mature and ordered microvillous membranes, increased jejunal sucrase, increased salivary amylase, increased gastric acid secretion, increased activity of gastric pepsinogen, increased pancreatic amylase, and decreased bacterial translocation (47, 48) . Animal studies have also shown that prenatal steroids alter bacterial colonization, resulting in decreased bacterial counts and fewer gram-negative organisms, possibly by maturation of glycosyltransferase activity (49, 50) . A study by Furakawa et al. showed that in a rat model, pretreatment of the animal with dexamethasone before PAF injection to induce ischemic bowel necrosis increased acetylhydrolase levels and prevented intestinal injury (51) . Other clinical and animal studies have indicated that postnatal cortisone may also induce maturation; however, recent analyses raising questions about adverse neurological outcome in the face of postnatal steroids give one pause (46, 52) . Supplementation with growth factors such as EGF or TGF may also aid in gut maturation.
Probiotics are another area of intense research. A probiotic is a live anaerobic bacterial food supplement that benefits the recipient by improving the intestinal flora balance. Probiotics have been shown to be beneficial in other conditions, such as C. difficile pseudomembranous colitis and rotavirus diarrhea, and have been shown to restore normal flora after antibiotic administration (53) . Other studies have shown that orally administered nonenteropathogenic bacteria can colonize the newborn gut and reduce colonization with pathogenic strains (54, 55) . Animal studies have suggested that the administration of bifidobacterium decreases the incidence of NEC through modulation of the inflammatory cascade (56) . One clinical study has shown a decreased incidence of NEC with oral administration of lactobacillus and bifidobacterium to human infants (57) . Although probiotics appear safe in infants, their efficacy in preventing NEC in infants still requires further investigation.
Exogenous nucleotides as a formula supplement have been suggested. Nucleotides are important metabolites that serve as a 'conditional essential nutrient' in times of stress. They have a role in controlling cell turnover and a role in immunity (58) . There is an increased requirement for nucleotides in rapidly proliferating cells such as intestinal epithelial cells and they are present in higher concentrations in breast milk than in infant formulas (42) . They are taken up by intestinal cell lines and organ culture preparations and have a role in intestinal epithelial cell proliferation and differentiation (59, 60) .
SUMMARY
Necrotizing enterocolitis is a devastating condition with high morbidity and mortality. It specifically affects preterm infants and appears to be the result of an inflammatory response to pathogenic organisms. The balance of pro-and anti-inflammatory influences appears to be the fundamental issue. We have provided evidence to support our hypothesis that intestinal injury in NEC may be the consequence of synergy of prematurity, enteral feeding, and bacterial colonization. Feeding may result in colonization of the premature intestine with pathogenic bacteria, resulting in an exacerbated inflammatory response. Preterm infants are uniquely susceptible because of an immature immune system unable to sufficiently protect against pathogenic organisms. In addition, immature glycosylation patterns may actually promote colonization by pathogenic bacteria, and the immune response of the immature enterocyte may itself increase injury by excessive cytokine production in response to gram-negative organisms. We suggest that breast milk feeding can reduce colonization by pathogenic organisms and induce colonization by commensal organisms. This may modulate inflammatory reactions, decreasing intestinal injury.
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